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Abstract 17 

Gofar transform fault (TF), East Pacific Rise can generate Mw 5.5-6 large 18 

earthquakes quasiperiodically on some specific segments, which are separated by 19 

stationary rupture barriers. Small earthquakes along the strike have clear spatial and 20 

temporal evolution. To better understand the cause of various behaviors of large and 21 

small earthquakes on this oceanic TF, we have determined high-resolution earthquake 22 

locations within a period of one year covering the 2008 Mw 6.0 earthquake as well as 23 

Vp, Vs and Vp/Vs models along the Gofar TF using a well recorded ocean bottom 24 

seismograph dataset and a new consistency constrained double-difference tomography 25 

method. S-wave arrival times are significantly improved compared to catalog times by 26 

an automatic arrival picking procedure. High-precision waveform cross-correlation 27 

differential times are also used. The tomographic Vp/Vs model reveals strong 28 

structural variations at multiple scales along the fault strike, which likely control the 29 

generation of large earthquakes in a specific segment, the propagation of mainshock 30 

ruptures and the spatial distribution of small earthquakes along the Gofar TF. 31 
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1. Extended DD tomography method for more reliable determination of Vp/Vs 39 

2. Segmentations in earthquake locations and velocity models along the Gofar 40 

transform fault 41 

3. Strong structural variations control the behavior of large and small earthquakes 42 
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1. Introduction 44 

Fault can slip in different modes, including slow slip, non-volcanic tremor, steady 45 

creep, microseismicity and large dangerous earthquake (Ide et al., 2007; Peng and 46 

Gomberg, 2010), but our understanding of their physical mechanisms is still very 47 

limited (Harris, 2016). In contrast to continental faults, mid-ocean ridge transform 48 

faults (RTFs) provide a better tectonic environment for studying how fault zone 49 

physical properties influence fault slip and earthquake behaviors because they have 50 

relatively simple geometries with average slip rates that are well defined by plate 51 

spreading velocities, and show in general more homogeneous compositions and better 52 

predictable thermal structures (Roland et al., 2012). 53 

In this study, we focus on the short (~90 km) and high-slip-rate (~14 cm/yr) 54 

Gofar transform fault (TF) on the equatorial East Pacific Rise (EPR). Gofar TF can 55 

generate large (Mw ~6) earthquakes quasiperiodically every 5 to 6 years on some 56 

specific patches, which are separated by some stationary rupture barriers that can stop 57 

the propagation of large earthquakes (Fig. 1) (McGuire, 2008; McGuire et al., 2012). 58 

In 2008, motivated by the observed regular EPR seismic cycles (McGuire, 2008), 59 

Woods Hole Oceanographic Institution (WHOI) deployed a broadband ocean bottom 60 

seismograph (OBS) array including 16 stations around the Gofar TF for 1-year 61 

continuous monitoring, which successfully captured a Mw 6.0 earthquake on the 62 

westernmost segment of the fault on 18 September 2008 (Fig. 1) and provided an 63 

unprecedented dataset (McGuire et al., 2012). In addition to this year-long OBS array, 64 

a wide-angle seismic refraction survey line was also conducted across a rupture 65 

barrier segment (Fig. 1) (Roland et al., 2012). 66 

Using the 2008 year-long OBS array dataset, McGuire et al. (2012) detected and 67 

located tens of thousands of earthquakes, including background seismicity before the 68 

occurrence of foreshocks for the 2008 Mw 6.0 earthquake, a week-long sequence of 69 

foreshocks, the M6 main shock and its aftershocks (Fig. 1a), as well as an earthquake 70 

swarm that occurred in December. Along-strike spatial and temporal evolution of the 71 

year-long seismicity showed strong variations in earthquake rupture properties both in 72 



space and time, which will be further shown in this paper with higher resolution. 73 

McGuire et al. (2012) suggested that a ~10-km rupture barrier segment associated 74 

with abundant foreshocks and deep seismicity (i.e. segment 1 defined later in this 75 

paper) between the 2008 Mw 6.0 and 2007 Mw 6.2 mainshock rupture areas (two 76 

colored ellipses in Fig. 1) could stop the main shock rupture, probably as a result of 77 

enhanced fluid circulation. 78 

Using the active-source seismic dataset, Roland et al. (2012) determined a 79 

tomographic P-wave velocity (Vp) model across the fault. This wide-angle reflection 80 

survey line just passed through the rupture barrier segment (Fig. 1). A low-velocity 81 

fault zone with Vp reduced by ~10-20% throughout the crust was imaged. Based on 82 

the analysis of local gravity data from Pickle et al. (2009), this low-velocity fault zone 83 

was interpreted to be highly damaged with enhanced fluid-filled porosity rather than 84 

to be caused by serpentinization (Roland et al., 2012). 85 

Combining both datasets, Froment et al. (2014) determined the Vp model along 86 

the strike of the Gofar TF using the DD tomography method (Zhang and Thurber, 87 

2003). They found relatively higher Vp in the segment where 2008 Mw 6.0 main 88 

shock occurred (i.e. segment 2 defined later in this paper) than its adjacent segments 89 

in seismogenic depths and suggested that the mainshock segment was composed of 90 

relatively intact rock while rocks of its adjacent segments were damaged. 91 

In Froment et al. (2014), however, only the Vp model was inverted and the Vs 92 

model was not determined because of poor quality of the S-wave arrival time picks 93 

(see Section 2.1 and the left panel in Fig. 2). It is known that Vs and Vp/Vs, 94 

especially the latter, are more sensitive than Vp to the existence of fractures and fluids 95 

(Kuster and Toksöz, 1974; Takei, 2002). Therefore, in this study, we aim to determine 96 

high-resolution earthquake locations and Vp, Vs and Vp/Vs models along the fault 97 

strike to better resolve the relation between structure variations and various 98 

earthquake behaviors along the Gofar TF. 99 

 100 

2. Dataset and method 101 



2.1  Dataset 102 

For the earthquake catalog covering the calendar year of 2008 (McGuire et al., 103 

2012), the original P- and S-wave first-arrival catalog dataset was built using the 104 

standard short-term average to long-term average ratio (STA/LTA) algorithm. In this 105 

study, we select earthquakes with at least 14 arrivals from the original catalog. The 106 

quality of the S-wave first arrival times is greatly improved by using an 107 

Akaike-Information-criteria (AIC)-based algorithm following the steps listed below: 108 

(1) Same as McGuire et al. (2012), the raw waveform (sampling frequency of 50 or 109 

100 Hz) is processed by first removing its mean and then bandpass filtered 110 

between 5~12 Hz; 111 

(2) A time window of 1.6 s is selected around the original S arrival time; 112 

(3) The AIC method (Maeda, 1985; Zhang et al. 2003) is applied to the selected time 113 

windows of two horizontal components, resulting in two new S picks; 114 

(4) Both S picks from step 3 would be rejected in any of the three cases: the 115 

signal-to-noise ratios (SNR) of both horizontal components around the new picks 116 

are lower than a threshold which is visually determined; new picks are too close to 117 

the boundaries of the selected time window; the difference between two new picks 118 

(dt) is larger than a threshold which is set to be 0.2 s. 119 

(5) Finally, we select the new pick from the component that has higher SNR and use 120 

dt to define the associated picking uncertainty. 121 

 122 

To demonstrate the improvement in the quality of new S arrival picks, we 123 

randomly select some nearby earthquakes recorded on a common station and then 124 

align their waveforms with respect to their arrival picks. Due to the similar ray paths 125 

from these nearby earthquakes to the common station, these waveforms are expected 126 

to be highly similar around their first arrivals. After aligning these waveforms 127 

according to the original and new first arrivals (left and middle panels in Fig. 2), it is 128 

clear that the waveforms around new picks are much better aligned, indicating that the 129 

quality of S-wave arrival picks has been significantly improved compared to the 130 



original ones. The comparison of travel time curves based on original and newly 131 

picked S arrivals further confirms the quality improvement in new picks (Fig. S1). 132 

The root-mean-square (RMS) value of absolute differences between new and original 133 

S arrival times is 0.195s, which can be used to quantify the improvement resulting 134 

from our new picking procedure. 135 

In addition to the passive earthquake data, P-wave first arrival times from active 136 

sources crossing the Gofar TF are also included. Overall, our final dataset includes a 137 

total of 7432 earthquakes and 271 active shots recorded by 21 OBS stations (Fig. 1), 138 

associated with 39,710 P-wave, 25,385 S-wave and 24,950 S-P arrival times. From 139 

absolute P and S arrival times, we construct 269,737 P-wave, 166,779 S-wave, and 140 

163,517 S-P differential arrival times for pairs of events on common stations. 141 

In addition to the catalog arrival times, we also measure P- and S-wave 142 

differential times with the WCC technique [Du et al., 2004] which makes use of the 143 

waveform similarity for pairs of nearby events recorded on common stations due to 144 

similar ray paths. The waveform alignment is further improved by using WCC data 145 

compared to arrival picks (Fig. 2), indicating the WCC data is more accurate. In total, 146 

we obtained 1,562,783 P-wave and 1,335,490 S-wave WCC differential arrival times, 147 

respectively, from which 928,431 S-P WCC differential times are obtained. 148 

 149 

2.2  Extended DD tomography method for Vp/Vs inversion 150 

The P- or S-wave arrival time residual   
  between the observed    

      and 151 

calculated arrival times    
      from event   to station  , can be linearly related to 152 

the perturbations of earthquake location in the three directions (           ), origin 153 

time (  ), and slowness (  ) along ray path elements (  ), as follows, 154 
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Following Thurber (1993), by assuming identical P- and S-wave ray paths, the 156 

S-P arrival time residual     
  between the observed      

      and calculated S-P 157 

arrival times      
      from event   to station   can be linearly related to the 158 



perturbations of earthquake location and the ratio of Vp to Vs (        ) along the 159 

ray path, as follows, 160 
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The event origin time term can be cancelled out by using S-P times. It is also noted 162 

that, the clock errors on the waveform arrival times which are due to the difficulty of 163 

clock synchronization on OBS (Gouédard et al., 2014) can be removed by using S-P 164 

times because the clock errors of P- and S-wave arrival times for common 165 

earthquakes on common stations are nearly the same. 166 

By subtracting a similar equation for a nearby event   recorded on the station   167 

from equation (1), we obtain the so-called double difference (i.e. the residual between 168 

the observed and calculated event-pair differential times)    
  

 to solve for the 169 

perturbations of earthquake locations and slowness models, as follows, 170 
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(3) 172 

Similarly, by subtracting a similar equation for a nearby event   recorded on 173 

station   from equation (2), we obtain the residual between the observed and 174 

calculated event-pair differential S-P times      
  

 to solve the perturbations of 175 

earthquake locations and      , as follows, 176 

     
  

      
      

 
 
   

      
      

 
 
   

 

   
    

 

   
 
 
    

 

   
 
    

 

 

   

   
    

 

   
 
 
    

 

   
 
    

 

 

   

 

  
        

  
   

 

 
  

        

  
   

 

 
          (4) 177 

The inversion system of the original DD tomography algorithm (tomoDD, Zhang 178 

and Thurber, 2003) includes equation (1) and (3) to make use of absolute arrival times 179 

javascript:;


and event-pair differential arrival times to jointly invert earthquake locations as well 180 

as Vp and Vs models. Equations (2) and (4) were further included into the DD 181 

inversion system by Zhang et al. (2009) to make use of absolute and differential P, S 182 

and S-P times to determine earthquake locations as well as Vp, Vs and Vp/Vs models 183 

simultaneously. 184 

Due to similar ray paths outside the source region for pairs of nearby events 185 

recorded on common stations, the sensitivities of differential S-P times (i.e. equation 186 

4) on Vp/Vs model anomalies outside the source region will be largely reduced and 187 

thus the model near the source region can be better resolved. Moreover, 188 

high-precision WCC event-pair differential times can be used to further improve 189 

earthquake locations and velocity models. 190 

For Vp/Vs inversion, the assumption of similar ray paths for P and S waves is 191 

critical. To solve this potential problem, P- and S-wave ray paths will be checked at 192 

each iteration to remove some S-P times from the inversion if the associated ray paths 193 

differ by more than a specified threshold (Zhang et al., 2009). 194 

Actually, we can get two Vp/Vs models after the inversion. One is derived from 195 

the direct division of the separate Vp and Vs model. The second one is inverted from 196 

S-P times (i.e. Equations 2 and 4). The first one has larger uncertainty than the 197 

separate Vp and Vs models because the Vs model is generally more poorly resolved 198 

than the Vp model due to larger S-wave data error and fewer S-wave data. In 199 

comparison, the second one is more reliable but has lower resolution because the 200 

requirement of similar P- and S-wave ray paths would remove some S-P data. For 201 

these two Vp/Vs models, they are generally not consistent both in shape and 202 

amplitude. To have a consistent Vp/Vs model with both high resolution and high 203 

reliability, here we propose a consistency constraint to the two Vp/Vs models, as 204 

follows, 205 
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where    
  

  
 

  

  
 represents the one from the direct division of Vp by Vs, with    207 

and    represent the P- and S-wave slowness models, respectively.    represents 208 



the directly inverted Vp/Vs model by using S-P times.   is the difference between 209 

   and   . The misfit (denoted as   ) between the true   that is zero and the 210 

predicted one, can be linearly related to the perturbations of   ,    and    (i.e. 211 

   ,     and    ) by using a truncated Taylor series expansion, 212 

                 
  
  

 

 
  

   
    

  

   
    

  

   
    

  
  

   
    

 

  
               (8) 213 

By minimizing the misfit   , we can determine a reliable Vp/Vs model that has 214 

similar resolution to that of individual Vp and Vs models, which will be shown with a 215 

checkerboard resolution test in the next section. And the structure of the inverted Vp, 216 

Vs and Vp/Vs models can also be more consistent compared to the original method of 217 

Zhang et al. (2009) without such a constraint. 218 

 219 

3 Inversion details and the analysis of location uncertainty and 220 

model resolution 221 

For inversion, we use the same Cartesian coordinate system as Froment et al. 222 

(2014), which is centered at station G08 and the Y axis is rotated 12˚ clockwise so 223 

that the X axis is parallel to the fault strike (Fig. 1b). The grid nodes used for 224 

inversion are positioned at X = -40, -35, -30, -28, -26, -24, -22, -20, -18, -16, -15, -14, 225 

-13, -12, -11, -10, -9, -8, -7, -6, -5, -4, -3, -2 -1, 0, 1, 2, 3, 4, 5, 6.5, 9.5, 13.5, 18, 25, 226 

43 km, Y = -16.5 -8, -5, -2, 0, 1, 2, 3, 4, 6, 9, 12, 15 km, and Z = 0, 2, 2.96, 3.5, 4, 5, 6, 227 

7, 8, 9, 10, 13, 25 km, respectively. 228 

Fig. 3c shows the initial 1-D Vp model which is constructed by averaging the    229 

model of the low-velocity fault zone determined by the 2-D across-fault active-source 230 

reflection study (Roland et al., 2012), and the Vp models 10 km north and south of the 231 

active fault trace (Roland et al., 2012) which are used as the representative of the 232 

normal velocity model of the EPR crust. The initial Vp/Vs value is 1.73, and the 233 



initial Vs model is converted from the initial Vp and Vp/Vs. We adjust the initial 234 

model to fit the topographic variations of the local seafloor bathymetry (Fig. 3c). 235 

We perform the inversion with a hierarchical weighting scheme for the catalog 236 

and WCC data (Zhang and Thurber, 2003). Regularization parameters, including 237 

smoothing and damping factors, which are used to stabilize the inversion, are selected 238 

with a trade-off analysis (Figs. 4a and 4b). Along with the inversion iterations, it can 239 

be seen that data residuals for both of the catalog and WCC data converge well (Fig. 240 

4c). 241 

To estimate the model resolution, we perform two synthetic tests including a 242 

checkerboard test and a restoration test (Zhao and Hasegawa, 1993), both of which 243 

have been widely used in seismic tomography. For the checkerboard test, we create a 244 

checkerboard velocity model by adding positive and negative 5% velocity anomalies 245 

to the initial 1-D model at alternating grid nodes. Checkerboard patterns for Vp and 246 

Vs models are set to be opposite at the same grid node so that the checkerboard model 247 

of Vp/Vs can alternate with positive 10.5% and negative -9.5% anomalies. Then the 248 

checkerboard models and earthquake relocations are used to generate synthetic 249 

absolute and differential times that have the same distribution as the real data. The 250 

synthetic data are then used for inversion starting from the same 1-D model as the real 251 

data inversion. Fig. 5 shows the along-strike cross sections of the recovered 252 

checkerboard models, which indicate that the fault-zone structures at depths of 6 to 10 253 

km below the mean sea level are well resolved. Moreover, the comparison between 254 

the inversions with and without the Vp/Vs consistency constraint apparently shows 255 

that the new algorithm can improve the resolution of Vp/Vs model (Figs. 5c-d). 256 

For the restoration model resolution test with noisy synthetic data (Figs. S4 and 257 

S5), the key features in the recovered velocity models from the real data inversion that 258 

will be discussed in next section are reliable (see Supplementary Materials for 259 

details). 260 

We also check the fitting of the active-source data (see Supplementary Materials 261 

for details), which further indicates that our velocity model is reliable (Fig. S6). 262 

To estimate the uncertainties of final event relocations, we adopt a bootstrapping 263 



resampling method, the same as Guo and Zhang (2017) (see supplementary materials 264 

for details). The median values of the relative location uncertainties estimated from 265 

bootstrapping analysis are 0.040, 0.041, and 0.078 km in the X, Y and Z directions, 266 

respectively, which could be slightly underestimated due to the effect of regularization 267 

applied to inversion (Guo and Zhang, 2017). 268 

 269 

4. Results 270 

We separate the fault into 4 segments (Fig. 5a) according to different features in 271 

velocity anomalies and earthquake activity. Segments 1 to 3 are defined based on the 272 

along-strike segmentation of the Vp model determined by Froment et al. (2014) in 273 

that the segments 1 and 3 show low Vp while the segment 2 where the main shock 274 

occurred, shows high Vp. Compared to Froment et al. (2014), we add a westernmost 275 

segment 4 to represent the region where an earthquake swarm occurred in December 276 

2008. 277 

In the following sections on results and discussions, it is noted that the depth 278 

values mentioned through the paper are referred to be relative to the sea level unless 279 

otherwise is specified. 280 

 281 

4.1 Earthquake relocations 282 

Figs. 6a-b show the map view and along-strike cross section of earthquake 283 

relocations with small location uncertainties which are estimated with bootstrapping 284 

analysis. Fig. S2 shows all relocations. Compared to the initial catalog locations (Figs. 285 

3a-b), the DD relocations by McGuire et al. (2012) with 1-D velocity model, and the 286 

DD relocations by Froment et al. (2014) with only P-wave arrival data, our DD 287 

relocations from the joint inversion of earthquake locations and velocity models with 288 

P- and S-wave arrival data and WCC data are more concentrated in both horizontal 289 

and vertical views, suggesting that the relative locations have been greatly improved. 290 

Absolute locations are also well resolved due to the utilization of absolute arrival 291 

times and the joint inversion. Improved earthquake locations outline a very clear 292 



delineation of the active fault trace at about Y = 2 km, with the seismicity in the 293 

western segment gradually deflecting to the south (Fig. 6a). 294 

The earthquakes after the mainshock (black dots in Fig. 6b) have a tendency to be 295 

systematically deeper than the pre-mainshock background seismicity (gray dots in Fig. 296 

6b). Froment et al. (2014) observed a significant velocity reduction below G08 in 297 

segment 1 (-2% to -6%) during the foreshock period and after the main shock, as well 298 

as below G06 in segment 2 (-4% to -10%) after the main shock. This means that the 299 

velocity model inverted using all the data is an average of the possible temporal 300 

velocity changes for the period and should generally be smaller than the actual 301 

velocity model in segments 1 and 2 before foreshocks. Therefore, background 302 

earthquakes would be shifted ~0.5 km shallower, and the foreshocks and earthquakes 303 

after the mainshock would be ~0.5 km deeper, which is consistent with the relocation 304 

results shown in Fig. 6b. Froment et al. (2014) did not observe a velocity reduction in 305 

segment 3 due to the data gap before the main shock, but based on the systematic 306 

depth differences between background seismicity and the earthquakes after the main 307 

shock (Fig. 6b) it could indicate a velocity reduction also in segment 3 after the main 308 

shock. 309 

Overall, the seismogenic depth in the crust along the strike is in the depth of ~6-8 310 

km below the sea level (i.e. ~3-5 km below the sea floor) (Figs. 6b-c). However, it is 311 

clear that there exist a lot of relatively deep earthquakes in the depth range of ~5-8 km 312 

below the sea floor in segments 1, 3 and 4 (Fig. 6c) compared to segment 2. In 313 

comparison, McGuire et al. (2012) determined much deeper seismicity (~7-11 km 314 

below sea floor) in segment 1, which could explain some observed large S-P times 315 

(see Fig. 3 in McGuire et al., 2012) assuming a constant Vp/Vs of 1.73. Our 316 

relocations from the joint inversion indicates that the large S-P times should be 317 

attributed to both the deeper extent of the seismicity and the high Vp/Vs structure in 318 

segment 1 (see section 4.3), rather than much deeper extent of the seismicity alone. 319 

 320 

4.2 Temporal and spatial evolution of the year-long seismicity 321 



McGuire et al. (2012) has shown the temporal and spatial (along-strike) evolution 322 

of the year-long seismicity using the complete event catalog. By using 323 

higher-resolution relocations, we can more clearly show the evolution patterns for the 324 

seismicity at the crustal seismogenic depths from Z = 6 to 8 km (Fig. 7). It is worth 325 

noting that, although the earthquakes used in this study are partially selected from the 326 

catalog used by McGuire et al. (2012), the evolution pattern should still be 327 

representative because the selection criteria is not related to the earthquake location 328 

and occurrence time. 329 

From 1 January to 9 September (day 253), the Gofar TF from X = -30 to 30 km 330 

experienced a lot of background seismicity. Among all the segments, segment 1 331 

actually experienced the highest rate of background seismicity, as already shown in 332 

McGuire et al. (2012). Then, segment 1 culminated in a spectacular swarm of 333 

foreshocks within one week from 10 September (day 254) to 17 September (day 261), 334 

which was immediately terminated on 18 September (day 262) when the 2008 Mw 6.0 335 

main shock occurred in the nearby segment 2. For this reason, segment 1 is also called 336 

the foreshock zone. After the main shock, segments 2 and 3 experienced high-rate 337 

seismicity for a few weeks and then gradually recovered to the level of the 338 

background seismicity. After the main shock, the seismicity in segment 1 ceased to a 339 

very low level in the depth of Z = 6 to 8 km (Figs. 6b and 7) but was relatively active 340 

in the deep area although it is also much weaker than the pre-main shock level (Fig. 341 

6b). For this reason, segment 1 is seen as a rupture barrier segment. On 10-17 342 

December, the westernmost segment 4 experienced another swarm, which can be 343 

better viewed from the more complete catalog of McGuire et al. (2012). 344 

It is clear that the earthquakes preferentially occur in specified segments along 345 

the fault in specific periods, as delineated by a series of rectangles in Fig. 7, while the 346 

zones between these segments have no or very weak seismicity. Highly segmented 347 

seismicity along the fault, even within the three large segments 1-3, suggests very 348 

strong structural variation along the fault. 349 

 350 



4.3 Velocity models 351 

 In this section, we describe the along-strike velocity models at Y = 2 km (Fig. 8). 352 

Because segment 4 is very close to the tomographic inversion boundary, we only 353 

focus here on segments 1, 2 and 3. 354 

Fig. 8 shows the along-strike cross sections of Vp, Vs and Vp/Vs models. In 355 

addition, we also showed Vp and Vs differences with respect to the reference 1-D Vp 356 

and Vs models. The reference Vp model (Fig. S3) is derived from averaging two 1-D 357 

velocity profiles located 10 km south and north of the Gofar TF (Roland et al., 2012), 358 

which can be seen as the normal EPR crustal Vp model around the Gofar fault zone. 359 

The reference Vs model is derived by assuming a constant Vp/Vs of 1.8, which is a 360 

mean EPR crustal Vp/Vs estimated from an ambient noise study (Yao et al., 2011). 361 

We also approximately estimate the Moho depth with the Vp contour of 7.6 km/s 362 

(Detrick et al., 1993), but from another inversion with denser grid intervals in depth 363 

and coarser grid interval in the Y direction. This parameterization allows for a higher 364 

resolution in depth and thus can be used to better estimate the Moho discontinuity 365 

(See supplementary material for details). 366 

 367 

4.3.1 Segment 1 368 

Segment 1 has thinner crustal thickness than an average 6km-thick oceanic crust 369 

(Fig. 8f) and shows a strong structural segmentation. Three Vp/Vs anomaly zones (A, 370 

B, C) can be identified from high-resolution velocity models (Fig. 8). Compared to 371 

the reference crustal model, zone A (X = -7 to 3 km, Z = 5 to 7.5 km) shows low Vp 372 

(~-5% to -15%), low Vs (~-10% to -20%) and high Vp/Vs (~1.9); zone B (X = -3 to 0 373 

km, Z = 6 to 9 km) shows low Vp (~-5% to -13%), low Vs (~0% to -10%) and a 374 

relatively low Vp/Vs (<1.75); zone C (X = 0 to 4 km, Z = 5 to 8 km) shows low Vp (~ 375 

0% to -10%), low Vs (~ -10% to -20%), high Vp/Vs (>2.0). 376 

 377 

4.3.2 Segment 2 378 



Segment 2 shows normal crustal thickness (i.e. ~6 km), which is ~1 km larger 379 

than its adjacent segments 1 and 3 (Fig. 8f). This is consistent with lower velocity 380 

values in the deeper part of segment 2 (Z > 7.5 km) than its eastern and western zones. 381 

In the shallow part (Z < 7.5 km), however, Vp and Vs are actually higher than the 382 

neighboring segments at the same depth. The Vp/Vs model in segment 2 from shallow 383 

to deep zones is normal or slightly high (~1.8) but much lower than neighboring 384 

segments. 385 

 386 

4.3.3 Segment 3 387 

In segment 3, there are two Vp/Vs anomalous zones D and E from Z = 5 to 7.5 388 

km, associated with low Vp (~ 0 to -10%), low Vs (~ -10% to -20%) and high Vp/Vs 389 

(>1.9). Although these two zones are connected in the shallow depth, but they are 390 

separate in seismogenic depth (Fig. 8c). The crust in segment 3 is thinner than the 391 

average 6-km crustal thickness. 392 

It is noted that the 1-D reference model which is used to represent the normal, 393 

undamaged model, is not very suitable for the calculation of velocity difference 394 

models in segments 1 and 3 and is likely underestimated in these two segments, as 395 

evidenced by their shallower Moho depths revealed by the inversion (Fig. 8f) 396 

compared to the normal depth of Vp = 7.6 km/s in the 1-D reference model (Fig. S3). 397 

Thus the velocity differences in segments 1 and 3 shown in Fig. 7d-e are 398 

overestimated and should be smaller, which means that the amplitude of the velocity 399 

decrease of zones A-E should be larger and that the low-velocity structure will be 400 

more clear at the bottom boundaries of zones B and E. 401 

 402 

5. Interpretations and Discussions 403 

In this section, we will interpret the velocity structures in segments 1-3 and 404 

discuss the relationship between structural variations and earthquake behaviors along 405 

the strike. 406 

5.1 Along-strike variation in material properties 407 



Active-source wide-angle refraction study across the foreshock zone (i.e. segment 408 

1) (Roland et al., 2012) imaged a low-velocity fault zone extending through the entire 409 

crust with Vp reduced by 10-20%. Similarly, P-wave tomographic study using the 410 

earthquake data also showed a low-velocity fault zone in segment 1 (Froment et al., 411 

2014). Based on the gravity data analysis, the low velocity fault zone is not likely 412 

caused by the widespread serpentinization, instead it is most likely that the segment 1 413 

is highly fractured with enhanced fluid-filled porosity (1.5-8%) (Roland et al., 2012). 414 

Further support of a highly damaged fault zone is from the temporal Vs variation 415 

during the foreshock swarm, one week preceding the main shock (Froment et al., 416 

2014). Using the doublet analysis, Froment et al. (2014) found that the Vs of the 417 

foreshock zone is reduced up to -3% when the foreshocks occurred, followed by 418 

partial recovery to ~ -2% during the one-week foreshock swarm period and then 419 

further reduced up to ~ -7% immediately when the main shock occurred, followed by 420 

partial recovery to ~ -2%. 421 

Compared to previous Vp images, our new Vp/Vs model shows more details 422 

along the strike in segment 1 (Figs. 8 and 9). For zones A and C with anomalously 423 

high Vp/Vs and low Vp and Vs values, it can be explained by enhanced fluid-filled 424 

porosity, which would cause Vs decreasing more than Vp (Kuster and Toksöz, 1974; 425 

Takei, 2002). Different amplitudes in Vp/Vs anomalies in zones A and C (Fig. 8c) 426 

could be caused by different degrees in porosity and/or pore shape (e.g. aspect ratio) 427 

(Kuster and Toksöz, 1974; Takei, 2002). In addition, if fluids existed, a small amount 428 

of serpentine minerals probably could exist although it is not the main cause for the 429 

low Vp, Vs and high Vp/Vs (Roland et al. 2012). 430 

Additional evidence for the existence of fluids in segment 1 comes from the deep 431 

extension of the seismicity in segment 1 (Fig. 6c). Oceanic seismogenic depths are 432 

generally shallower than the 600
o
C isotherm (Abercrombie and Ekstrom, 2001; 433 

McKenzie et al., 2005), which corresponds to the depth of ~4 km below the sea 434 

bottom for a half-space cooling model, but can increase to ~5-6 km (Fig. 6c) for a 435 

thermal model including hydrothermal cooling (Roland et al., 2012). Although 436 

earthquake depth extension in segment 1 is deeper than the prediction from this 437 



hydrothermal model (Fig. 6c), it could be explained if a certain degree of local fluid 438 

circulation is considered for a cooler model (McGuire et al., 2012; Roland et al., 439 

2012). Thus, enhanced earthquake depth extension supports the existence of fluids in 440 

segment 1 which can increase the rheology transition depth from frictional to viscous 441 

behaviors. 442 

Although the explanation for deep seismicity at the bottom of zone B needs the 443 

existence of fluids, however, zone B shows relatively low Vp/Vs (Fig. 9). Based on 444 

the two-phase effective media calculation with different rock porosities, pore fluids, 445 

and pore shapes (Kuster and Toksöz, 1974; Takei, 2002), a reduction of Vp/Vs needs 446 

the aspect ratio of cracks to be large and/or a part of pore spaces being composed of 447 

gas. Considering the high pressure in depth, the existence of pore gas is problematical 448 

and thus large pore aspect ratio is more possible to explain the low Vp/Vs observed. 449 

Compared to segment 1, segment 2 shows apparently different velocity structure 450 

(Fig. 8). Froment et al. (2014) suggested the asperity segment 2 to be composed of 451 

relatively intact gabbro and peridotite rocks inferred from higher Vp compared to 452 

segments 1 and 3. Our model shows that overall segment 2 has higher Vp, higher Vs 453 

compared to its adjacent segments (note that as mentioned in section 4.3.2, the lower 454 

velocity in the deep area compared to segments 1 and 3 is just due to the crustal uplift 455 

of segments 1 and 3 rather than being damaged). For the undamaged gabbro in the 456 

middle and lower oceanic crust, its normal Vp/Vs value is ~1.8-1.85 which has some 457 

variations with different content of olivine in gabbro (Christensen, 1996). The Vp/Vs 458 

value (~1.8) of segment 2 is relatively normal compared to that of the adjacent 459 

segments. Thus, our new models also indicate the asperity segment 2 to be composed 460 

of relatively intact rocks compared to segments 1 and 3. 461 

Similar to zones A and B, zones D and E in segment 3 show low Vp, low Vs and 462 

high Vp/Vs anomalies, implying high fluid-filled porosity within them. Same as 463 

segment 1, additional evidence for the existence of fluids in segment 3 comes from 464 

the enhanced earthquake depths (Fig. 6c). Similar to segment 2, the zone in 465 

seismogenic depth from Z = 6 to 8 km and X = -20 to -16 km (i.e. between zones D 466 



and E) is associated with relatively normal Vp, Vs and Vp/Vs, indicating relatively 467 

intact rocks there. 468 

 469 

5.2 Structural control on the generation and propagation of the main shock 470 

High-resolution relocations and velocity models reveal some relationships 471 

between structural variations and large earthquakes in the seismogenic depth of ~ 6 to 472 

8 km. Large earthquakes, including the 2008 M6 mainshock, occur quasiperiodically 473 

in segment 2 where we image a relatively intact fault zone. By contrast, the rupture 474 

barrier segment 1 to the east shows two large-scale, highly damaged zones at its 475 

eastern and western boundaries, and the segment 3 to the west, shows two small-scale, 476 

damaged zones. With weak pre-main shock seismicity (Fig. 7), the ~8km-long 477 

segment 2 composing of relatively intact rocks could be relatively locked during the 478 

interseismic period to accumulate stress, which was released quasiperiodically by 479 

large M6 earthquakes associated with coseismic damage of the fault zone, as 480 

evidenced by the coseismic velocity decrease (Froment et al., 2014). In segment 3 481 

where no M6 earthquake has been observed, however, another zone between D and E 482 

in the seismogenic depth of 6 to 8 km is also suggested to be relatively intact. 483 

Compared to the ~8km-long segment 2, small length (~ 4km-long) or size of the intact 484 

seismogenic zone in segment 3 may be responsible for its inability of generating large 485 

earthquakes. Thus, we suggest that a relatively intact fault zone with sufficient scale is 486 

necessary for the stress build-up for large earthquakes. 487 

Intense foreshocks in segment 1 one week before the main shock associated with 488 

some aseismic events within segment 1 could make the fault zone to be dilatant 489 

strengthening and increase the porosity of the damaged zones A and C, as evidenced 490 

from the velocity decrease during the foreshock period (McGuire et al., 2012; 491 

Froment et al., 2014). The resulting dilatant strengthening and a small amount of 492 

serpentine minerals within zones A and C may be able to prevent the subsequent main 493 

shock slip passing through (Segall et al., 2010; Segall and Bradley, 2012; McGuire et 494 

al., 2012; Roland et al., 2012; Froment et al., 2014). Different to segment 1, intensive 495 

seismicity in segment 3 after the main shock could indicate that the mainshock 496 



rupture was likely able to pass through this segment, which may be due to relatively 497 

small length of zones D and E (~2km-long) in the seismogenic depth of ~ 6 to 8 km 498 

compared to zones A and C (~4km-long) in segment 1. Thus, we suggest that a 499 

damaged zone with sufficient scale would be necessary to stop the rupture 500 

propagation of large earthquakes. 501 

Global observations inferred a low seismic coupling (~15%) on RTFs, i.e. most 502 

areas that are thermally predicted to be capable of generating large earthquakes 503 

(Abercrombie and Ekstrom, 2001) slip aseismically (Bird et al., 2002; Boettcher and 504 

Jordan, 2004). Considering the similar scaling relationship between Gofar TF and 505 

other RTFs (Boettcher and Jordan, 2004), our model suggests that the existence of 506 

fluid-filled, damaged zones with different scales is likely responsible for the deficit of 507 

seismic slip on global RTFs (Froment et al., 2014). 508 

 509 

5.3 Structural control on small earthquakes 510 

High-resolution relocations and velocity models reveal some relationships 511 

between structural variations and small earthquakes. Overall, small earthquakes along 512 

the strike are highly segmented into different clusters (Figs. 6b and 7), among which 513 

some horizontal, slip-parallel earthquake streaks can be clearly seen, e.g. the one 514 

around X = -7 km shown in Fig 6b. Such spatial distribution of small earthquakes has 515 

been observed in continental strike-slip faults and suggested to be structural in origin 516 

(Rubin et al., 1999; Waldhauser et al., 1999, 2004; Schaff et al., 2002; Waldhauser 517 

and Ellsworth, 2002). 518 

In segment 1, most background earthquakes and foreshocks tend to occur near the 519 

boundaries of the anomalous zones A, B, and C (Fig. 9), indicating that the nucleation 520 

and spatial distribution of small earthquakes in segment 1 is structurally controlled. 521 

Most foreshocks are concentrated into a very narrow region from X = -0.5 to 0.5 km 522 

between zones B and C (Fig. 9). Following the suggestion from McGuire et al. (2012) 523 

that the week-long foreshocks were likely to be triggered by a large aseismic creep 524 

event in the foreshock zone, we further suggest that if it existed, this aseismic event 525 

could be generated in zone B which has very weak seismicity in the whole year in 526 



depth of 6 to 9 km. As a result, the stress perturbations from the aseismic event can be 527 

effectively transferred around zone B, especially to the area between B and C to 528 

trigger most foreshocks there. But the triggering aseismic event is also possible to be 529 

in shallower depth at the same time as found in continental strike-slip faults (Lohman 530 

and McGuire, 2007; Wei et al., 2013). In addition, the deeper zone in depth of 9 to 10 531 

km at the bottom of B experienced relatively active seismicity after the main shock 532 

compared to the zone in depth of 6 to 8 km above it but still much weaker than its 533 

pre-main shock level (Fig. 9). This deep zone with deep seismicity has relatively low 534 

Vp/Vs, implying different earthquake generation mechanism there compared to the 535 

shallow seismogenic zone in depth of 6 ~ 8 km. In segment 2, two earthquake clusters 536 

around X = -10 km after the main shock (Figs. 7 and 8) are separated, which may be 537 

related to the coseismic damage as evidenced by the coseismic velocity decrease 538 

observed in this segment (Froment et al., 2014). In segment 3, damaged zones D and 539 

E have weak seismicity within them but have some earthquake clusters surrounding 540 

them (Figs. 7 and 8). Thus, we suggest that structural variations along the strike 541 

control the nucleation and spatial distribution of small earthquakes. 542 

Highly segmented seismicity seen from the spatial and temporal evolution of the 543 

year-long seismicity (Fig. 7) indicates even stronger structural variations along the 544 

strike than what we have imaged due to limited spatial resolutions of seismic 545 

tomography using seismic travel times employed in this study. 546 

 547 

6. Conclusions 548 

We have determined high-resolution earthquake locations and Vp, Vs and Vp/Vs 549 

models along the Gofar TF, East Pacific Rise, using a new consistency constrained 550 

DD tomography method. New earthquake locations and velocity models reveal 551 

detailed structural variations and their spatial correlation with earthquake behaviors 552 

along the strike. The M6 mainshock is associated with a ~8km-long segment with 553 

high Vp, high Vs and relatively normal Vp/Vs values, which is composed of 554 

relatively intact gabbro and peridotite rocks. It is stronger than neighboring segments 555 



and acts as the asperity for quasiperiodically occurring large earthquakes. The 556 

neighboring segment to the east acts as the rupture barrier for the main shock, whose 557 

boundaries are suggested to be associated with two fluid-filled, damaged zones with 558 

low Vp, low Vs and high Vp/Vs at the low-crustal seismogenic depth. The 559 

neighboring segment to the west cannot generate any large earthquake because of the 560 

limited scale of the intact seismogenic zone and also cannot fully stop large 561 

earthquake rupture propagation because of the limited scale of the damaged zones at 562 

the seismogenic depth. Along the strike, small earthquakes prefer to occur within the 563 

zones with relatively normal Vp/Vs values or around the boundaries between high and 564 

normal/low Vp/Vs anomalies. Thus, strong structural variation in the material 565 

properties along the strike as evidenced by earthquake locations and velocity models 566 

controls the behaviors of large and small earthquakes and is likely responsible for the 567 

deficit of seismic slip on global RTFs. The application of high-resolution imaging to 568 

the Gofar TF shows that by imaging the along-strike variations of velocity models, 569 

especially Vp/Vs, it is very helpful for better understanding earthquake behavior and 570 

oceanic fault mechanical behavior. This kind of work would be interesting in a global 571 

perspective for better understanding earthquake behaviors based on fault structural 572 

characteristics. 573 

 574 
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 671 

Figure 1. (a) Distribution of earthquakes and stations (triangles) around the Gofar 672 

transform fault. Black triangles represent the OBS sites deployed for the one-year 673 

passive-source experiment in 2008, among which stations G04, G06 and G08 are 674 

labeled. Beige triangles represent the OBS sites deployed for the active-source 675 

experiment. Orange dots forming a line crossing the fault represent the active-source 676 

air-gun shots. Gray, red and black dots represent the relocations of background 677 

earthquakes, foreshocks and the earthquakes after the main shock with small location 678 

uncertainties, respectively. Note that compared to Fig. 5a, the relocations after the 679 

main shock shown Fig. 1a are within 20 days after the main shock. Red and orange 680 

ellipses represent ~10km-length asperity zones centered on the 2008 Mw 6.0 (red star) 681 

and 2007 Mw 6.2 (orange star) main shocks, respectively. The locations of these two 682 

M6 main shocks are determined by McGuire et al. (2012). As shown in the temporal 683 



evolution plot in the upper-right, these two asperities generate large earthquakes (i.e. 684 

red and orange stars in the upper-right plot) event ~5-6 years (note that the locations 685 

of these large earthquakes are from Global GCMT catalog, which has relatively large 686 

location uncertainties. See McGuire (2008) for details on how to define the 687 

overlapping rupture patches for these large earthquakes). (b) Cartesian coordinate 688 

system and grid setting for the inversion. The X- and Y-axes of the Cartesian 689 

coordinate system are represented by orange lines, with arrows pointing to the 690 

positive directions and the coordinate center at G08. The white dots on the coordinate 691 

axis represent the grid nodes used for the inversion in X and Y directions. The inset 692 

map in the upper-right corner shows the geographic location of the study region. 693 
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 695 

Figure 2. Comparison of waveform alignment for 83 nearby earthquakes recorded at 696 

station G08. Black waveforms of 82 events are aligned to the waveform of a reference 697 

event (the red one in the bottom) based on different sets of S-wave arrival times, 698 

including (Left) catalog arrival times, (Middle) newly picked arrival times using the 699 

arrival picking procedure introduced in Section 2.1 and (Right) arrival times 700 

converted from WCC differential arrival times. WCC converted arrival times on black 701 

waveforms are transformed from their respective WCC differential arrival times 702 

relative to the reference waveform. Waveforms are filtered between 5 and 12 Hz. 703 

  704 



 705 

Figure 3. Distribution of catalog earthquake locations in map view (a) and 706 

along-strike vertical cross section (b) as well as the initial velocity model along the 707 

fault strike (c). Gray, red and black dots represent background earthquakes, 708 

foreshocks and earthquakes after the main shock, respectively. In (c), bold black line 709 

represents the local bathymetry. The dark red region associated with Vp of 1.5 km/s 710 

above the seafloor represents the seawater. Velocity is contoured at 6.0, 6.6 and 7.6 711 

km/s, respectively. 712 



 713 

Figure 4. Trade-off analysis for selection of optimal damping and smoothing 714 

parameters as well as the evolution of travel time residuals with the iterations. (a) 715 

Trade-off analysis between the normalized solution norm and data residual norm from 716 

inversions with a set of smoothing and damping parameters to select optimal damping 717 

parameter. Different curves represent disparate smoothing parameters of 1, 10, 30, 60 718 

and 100, with 100 at the top and 1 at the bottom. Red dots associated with same 719 

smoothing parameter on each curve represent different damping parameters. Both 720 

location and slowness parameters are included for the calculation of the solution norm 721 

because the damping parameter is applied to constrain the slowness and earthquake 722 

location at the same time during the joint inversion. The optimal damping parameter 723 



is selected around 300. (b) Trade-off analysis between normalized slowness norm and 724 

data residual norm for a set of smoothing parameters using the optimal damping 725 

parameter of 300. Because the smoothing parameter is applied to constrain the 726 

slowness, only the norm of slowness is used for the analysis of optimal smoothing 727 

parameter. The optimal smoothing parameter is selected around 20. (c) Evolution of 728 

the root-mean-square travel time residuals for the catalog times and WCC differential 729 

times as a function of the iteration number in the inversion. The WCC data is 730 

weighted more than the catalog data from iteration 7, resulting in a stair-step pattern 731 

at iteration 7. 732 
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 734 

Figure 5. Vertical along-strike cross section at Y = 2 km of the recovered 735 

checkerboard patterns for the (a) Vp, (b) Vs, and (c) Vp/Vs model from the inversion 736 

with the consistency constraint as well as (d) the recovered Vp/Vs checkerboard 737 

model from the inversion without the consistency constraint. Dots represent 738 

earthquake locations. 739 
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 741 

Figure 6. Distribution of earthquake relocations in the horizontal plane (a) and 742 

along-strike vertical cross section (b and c). Only earthquakes with location 743 

uncertainties less than 0.2 km in the X and Y directions and 0.3 km in the Z direction 744 

are shown. In (b), earthquake depths are relative to the sea level. In (c), earthquake 745 

depths are relative to the sea floor, which also takes the variation of topography into 746 

account. The isotherms (labeled in degrees) of the thermal model from Roland et al. 747 

(2012) are shown in (c). Segments 1-3 are the same as Froment et al. (2014) based on 748 

the along-strike variation of material properties and segment 4 represents the 749 

December swarm zone. 750 
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 752 

Figure 7. Temporal and spatial (along-strike) evolution of the year-long seismicity 753 

(dots) between Z = 6 and 8 km. Red dots represent earthquakes during the foreshock 754 

period. Dot sizes are slightly adjusted based on their earthquake magnitudes. The 755 

2008 M6 earthquake is marked by the red star and red arrow in the horizontal and 756 

vertical axes, respectively. Colored open rectangles are used to define earthquake 757 

segmentations in space and time. Red solid rectangles indicate high Vp/Vs anomaly 758 

zones shown in Fig. 8 and their along-strike lengths represent the lengths of these 759 

anomalies in the seismogenic depth of Z = 6 to 8 km. Segments 1-4 are marked. 760 



 761 

Figure 8. Along-fault (X = -25 to 12.5km) vertical cross sections of the (a) Vp, (b) 762 

Vs , (c) Vp/Vs, (d) dVp and (e) dVs models as well as (f) Moho variations at Y = 2 763 

km. In the top, the local bathymetry is shown and the stations G04, G06 and G08 are 764 

also labeled. Vp model is contoured at 6.0, 6.6 and 7.6 km/s. Vs model is contoured at 765 

3.2, 3.66 and 4.2 km/s. Vp/Vs model is contoured at 1.9. Both dVp and dVs (%) are 766 

contoured at -20, -15, -10, -5, 0, 5, 10, 15 and 20. Red star represents the 2008 main 767 

shock (McGuire et al., 2012). Foreshocks and earthquakes after the main shock from 768 

Y = 1.5 to 2.5 km are represented by blue and black dots, respectively. In (f), Moho 769 

discontinuity (red curve) is inferred from the 7.6 km/s contour of the Vp model 770 

resulted from a separate inversion with denser grid nodes in depth and coarser grid 771 

nodes in the horizontal directions. The cyan curve represents the normal Moho 772 

discontinuity by assuming the crustal thickness of 6 km. The grey line at X = 0 km 773 



represents the Moho discontinuity estimated by Roland et al. (2012) from a 774 

wide-angle refraction study. 775 

  776 



 777 

Figure 9. Zoom-in view of the vertical along-strike cross section at Y = 2 km of 778 

Vp/Vs anomalies and earthquakes from X = -7 to 6 km. In the bottom figure, only the 779 

contour of Vp/Vs = 1.9 is shown. Background earthquakes, foreshocks and 780 

earthquakes after the main shock from Y = 1 to 2.5 km are shown as grey, blue and 781 

black dots, respectively. Note that compared to Fig. 8c, deep earthquakes which are 782 

located between Y = 1 and 1.5 km are also included. 783 

 784 


